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A c c e l e r a t o r s  a r e  C r u c i a l  t o  S c i e n t i f i c  D i s c o v e r i e s  i n  H i g h  E n e r g y  
P h y s i c s ,  N u c l e a r  P h y s i c s ,  M a t e r i a l s  S c i e n c e ,  a n d  B i o l o g i c a l  S c i e n c e

“Starting this fall, a machine called RHIC will collide gold 
nuclei with such force that they will melt into their 

primordial building blocks”

“A new generation of accelerators capable of 
generating beams of exotic radioactive nuclei 
aims to simulate the element-building process 
in stars and shed light on nuclear structure”

“Biologists and other 
researchers are lining up at 

synchrotrons to probe 
materials and molecules with 

hard x-rays”

“Violated 
particles 
reveal 
quirks of 
antimatter”

Accelerators Important to Off ice of  Science



Accelerators Beneficial  to Society

Beam Lithography

Medical Irradiation 
Therapy

Medical Sterilization;
Food Irradiation;
Mail Irradiation

Proton Radiography for 
Industrial and National 
Security applications

Medical Isotope 
Production



Exploring physics beyond the
Standard Model. Are there

new particles? New interactions?

Research with exotic nuclei:
The nature of nucleonic matter; origin of 
the elements; tests of the Standard Model

Oppor tun i t ies  a t  Nex t-Generat ion  Acce lera tor  Fac i l i t ies

Research using intense, ultra-short pulses of
x-ray radiation (4th generation light source):

fundamental quantum mechanics; atomic,
molecular, and optical physics; chemistry;

materials science; biology



Accelerator  Simulat ion Environment  (ASE)

This  pro ject  w i l l  deve lop  a  comprehens ive terasca le s imu la t ion  
capabi l i ty ,  the Accelerator Simulation Environment (ASE) ,  whose  
components  w i l l  enab le  acce lera tor  phys ic is ts  and eng ineers  to  
address  a  broad range  o f  impor tant  i ssues  in  nex t -genera t ion  
acce lerators  and the i r  des ign .  Us ing  terasca le resources  and  bu i l t  on  
sca lab le  a lgor i thms,  the  so f tware  components  and app l ica t ion  cod e s  
in  the ASE wi l l  be  able  to  de l iver  the accuracy and reso lut ion 
necessary  for  acce lerator  des igns  that  are  push ing  the  enve lope  o f  
mach ine  per fo rmance  and  sys tem complex i t y .   

The NEW set  o f  para l le l ,  portable ,  reusable ,  ob ject -based  so f tware
components  w i l l  have  an  impact  in  three  areas :  

Designing next-generation accelerators (NLC,  a  neutr ino factory ,  
RIA,  a  4 t h generat ion l ight  source ,  and a  prototype fus ion dr iver )

Optimizing existing accelerators (PEP-I I ,  RHIC,  and the Teva t ron)

Developing new accelerator technologies such as laser - and
p lasma- based acce lera tors .  



The  ASE  Team

Ø National Labs: LBNL – R. Ryne, J. Qiang, E. Esarey   

E. Ng (TOPS), C. Yang, P. Husbands 

SLAC – K. Ko, C. Ng, Z. Li, V. Ivanov, J. Tran, M. Wolf, 
N. Folwell, A. Guetz 

LANL – S. Habib, T. Mottershead, K. Campbell, 

C. Rasmussen (CCTTSS)

FNAL – P. Spentzouris, F. Kamal, S. Uruppattu

BNL   – R. Samulyak

SNL – P. Knupp (TSTT)

Ø Universi t ies: Stanford – G. Golub, Y. Sun, W. Mi, I. Malik, Y. Muliadi
UCLA    – W. Mori, V. Decyk, C. Huang  

UCD – K. Ma, G. Schussman

USC      – T. Katsouleas, S. Deng

U. Maryland – A. Dragt

Ø Industry: TechX – D. Bruhwiler



ASE - Target  Applicat ions

Full-scale Modeling of Large Accelerating Structures
> P E P-I I  in teract ion  reg ion  to  s tudy  beam heat ing
>  ent i re  NLC acce lerator  s t ructure  to  ca lcu late  wakef ie lds
>   p roposed  rad io  f requency quadrupo l e (RFQ)  des ign  for  R IA

Large-scale Beam Dynamics Simulations for improving the 
performance of 
>  col l iders (e .g .  PEP-II,  the Tevat ron,  and RHIC)
>  h igh  in tens i ty  dr i vers  ( the  FNAL booster  and BNL AGS)

Large-scale PIC Simulations of 
> p lasma wakef ie ld acce lerators  (part icu lar ly  wi th  regard to  the  

cr i t ica l  issues of  staging and emi t tance control ) ,  
>  laser wakef ie ld acce lerators ,  inc luding part ic le  in ject ion,  

capture ,  and acce lera t ion

D e v e l o p m e n t  o f  t h e  A S E  w i l l  b e  g u i d e d  b y  t a r g e t  a p p l i c a t i o n s  
t h a t  a r e  c o m p u t a t i o n a l l y  c h a l l e n g i n g ,  h a v e  m a x i m u m  i m p a c t  
o n  H E N P  p r o j e c t s ,  a n d  w i l l  s e r v e  a s  t e s t -b e d s  f o r  t h e  A S E .



Electromagnetics (EM) – deve lopment  o f  three  3D para l le l  
f ie ld  so lvers  that  use  unstructured gr ids  to  conform to  complex  
geometr ies :

>   O m e g a 3 P  – E i genmode  c o d e

>   Tau3P – T ime- D o m a i n  c o d e

>  Ph i3P – Stat ics c o d e

Beam Dynamics (BD) – deve lopment  o f  modules  for  t reat ing
mu l t i p l e  beam phenomena (such as  space charge e f fects ,  h igh-
order  opt ica l  e f fects ,  beam-beam co l l i s ions , wakef ie lds ,
in t rabeam scatter ing,  and ion izat ion coo l ing) ,  and their  
incorporat ion  in to a paral le l  vers ion of  the MaryL ie/ IMPACT
beam dynamics  code .  

Advanced Accelerators (AA) – deve lopment  o f  the  OSIRIS,  
V O R P A L / X O O P I C  a n d  qu ickP IC codes for  model ing laser - and  
p l a sma- based acce lera tors .

ASE - Deliverables 

The ASE wil l  concentrate on three areas:



EM Work in  Progress – PEP-II  Interact ion Region

e+ e-

Center beam pipe Right crotchLeft crotch

2.65 m 2.65 m

Mesh Model  o f  a  Sect ion  o f  the  IR  Beam L ine  centered around the  Interact ion Point

Domain  Decompos i t i on

Wal l  Loss  o f  a  Trapped Mode

Omega3P is used to study beam heating in the IR beamline complex



EM Work in  Progress – NLC Structure Design

Omega3P a n d Tau3P a re  e s sen t i a l  t oo l s  f o r  t h e  des i gn  o f  t h e  
N E W N L C  a c c e l e r a t i n g  s t r u c t u r e  w h i c h  w i l l  h a v e  l o w e r  s u r f a c e  
f i e l d s  t o  a v o i d  R F  b r e a k d o w n  a t  h i g h  g r a d i e n t s .   N e w  s t r u c t u r e  
h a s  a  l o w e r  g r o u p  v e l o c i t y  a n d  i s  s h o r t e r  i n  l e n g t h  ( <  1 0 0  
ce l ls ) .

Tau3P Modeling of the New Input Coupler w/ Inline Taper

Omega3P Modeling of the Structure (47 cells)

End to end simulation of the entire accelerating section is next



Software Development and Applications
Ø MaryL ie/ IMPACT ex tended  to  use  opera tor -sp l i t t ing ins ide bending 

magnets  ( to  mode l  space  charge  in  c i rcu lar  mach ines)

Ø Wakef ie ld  module  ( res is t i ve  wake)  deve loped and put  in to  MaryL ie

Ø IMPACT used  to  mode l  LEDA ha lo  expt  and nove l  SC l inac des igns

Ø Ef for t  underway  to  mode l  FNAL booster  w i th  MaryL ie/ IMPACT

Model Evaluation and Code Benchmarking
Ø Systemat ic  compar ison  o f  z - based  vs t -based PIC  codes

Ø Analyt ica l  work on new exact ly  so lvable  models  ( inc l .  large-ampl i tude  
ha lo  t es t  p rob lem)  fo r  code  compar i son  and  benchmark ing

Algorithm Development
Ø Ana lys is  o f  o r thogona l  method and deve lopment  o f  new symplec t i c  

method to  model  in f in i te - d imens iona l  Hami l ton ian  sys tems (e .g .  wave  
equat ion ,  Maxwel l’s  equat ions)

Ø Orthogona l  approach i s  uncondi t iona l l y  s tab le  (no  Courant  cond i t ion)

Ø Combines  t echn iques  f rom quan tum dynamics ,  beam op t i cs ,  FEM

BD Work in  Progress 



Code Development and Optimization
Ø OSIR IS

• 2 x  s i n g l e  p r o c e s s o r  s p e e d  i m p r o v e m e n t

• B e g u n  t o  a d d  i o n i z a t i o n  b y  a d d i n g  p a r t i c l e  c r e a t i o n  m o d u l e

Ø V O R P A L / X O O P I C

• Added  pa ra l l e l  3D  f i e l d  so l v e r  w i t h  f l u i d  sou r ce  t e rms

Ø qu ickP IC

• Added  pa r a l l e l  Po i s son  so l v e r  and  pa r t i c l e  push  f o r  c onduc t i ng  bo u n d a r y

• D e v e l o p e d  f r a m e w o r k  f o r  a d d i n g  f u l l  q u a s i -s t a t i c  e q u a t i o n s

• B e g u n  d i s c u s s i o n s  w i t h  A P D E C  o n  a d d i n g  p a r a l l e l  A M R

Production Runs
Ø OSIRIS:  F irst  fu l l -sca le  3D PIC s imulat ions o f  Se l f - Modu la ted  Laser  

Wakef ie ld  Acce lerat ion .  2x10 8 par t i c l es  on  2000x152x152  mesh

Ø VORPAL/XOOPIC:  S tud ied  e f fec ts  in  LBL  exper iments  us ing  2D P IC  
s imulat ions  wi th  the  new ion izat ion  package.  Stud ied wakes  us ing new 3D 
f lu id  code

Ø qu ickP IC:  studied evolut ion of  e + dr ive  beam in  E-162  expt  a t  SLAC

AA Work in  Progress 



First 3D simulations of SMLWFA using OSIRIS :
There are differences between 2D and 3D

3D simulations:
Laser: ao=3, trise=tfall=116.5ωωo

-1 (tfwhm=35fs), wo=38c/ωωo, n/nc=.02
Physical dimension:600c/ωωo x 300c/ωωo x 300c/ωωo

Grid size:2000x152x152 (4.6x107) with 4 particles/cell (2x108)
Run through 3 Rayleigh lengths (300um) and counting

Simulations are done at the SP2 at NERSC

2D 3D

γγ γγ

0

200 200

0



ASE Partnerships in  Appl ied Math & Comp.  Sci.

The success of the ASE will require close collaboration with 
applied mathematicians and computer scientists to enable the 
development of  high-performance software components for
terascale platforms.

Collaborating SciDAC Integrated Software Infrastructure Centers:

• TOPS – Eigenso lvers ,  L inear  So lvers
• TSTT – Mesh Genera t ion  &  Adapt i ve  Re f inement
• CCTTSS – Code Components  &  In te roperab i l i t y
• APDEC – Paral le l  Solvers  on Adapt ive  Gr ids
• PERC – Load  Ba lanc ing  &  Commun ica t i on

Collaborating National Labs & Universities:

• NERSC – Eigenso lvers ,  L inear  Solvers
• Stanford – Linear  A lgebra , Numer ica l  A lgor i thms
• UCD – Paral le l  V isual izat ion,  Mult i -reso lut ion  techniques
• LANL – Stat is t i ca l  Methods  for  Computer  Mode l  Eva luat ion



FNAL, BNL
High Intensity Beams 
in Circular Machines

UCLA, USC, Tech-X
Plasma Based Accelerator Modeling

UC Davis
Particle & Mesh 
Visualization

Stanford, NERSC
Parallel Linear Solvers & Eigensolvers

LBNL
Parallel Beam 
Dynamics Simulation

SLAC
Large-Scale 
Electromagnetic Modeling

SNL
Mesh Generation & Refinement

U. Maryland
Lie Methods in 

Accelerator Physics

LANL
High Intensity Linacs, 

Computer Model Evaluation

M=e:f2: e:f3: e:f4:…
N=A-1 M A



I n t e r i o r  E i g e n v a l u e s

Spectra l  Distr ibut ion Matr ix  
Sparsi ty

K x =  λλ M x

EM Collaborat ion with Stanford

• Inexact  Shi f t - Invert  Lanczos as  Band Pass  F i l te r ing

• JOCC Re f i nement - F ixed  Target ,  Rea l  Ar i thmet ic ,  No Search  Space

( )
2 2

02 2
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Omega3P solves the Matrix  E igenproblem:



EM Col laborat ion  wi th  NERSC/TOPS

Ø N E R S C / T O P S  i s  i m p l e m e n t i n g  MINRES i n  p l a c e  o f  G M R E S  f o r
s o l v i n g  t h e  J O C C  l i n e a r  s y s t e m  i n  t h e  J a c o b i i t e ra t i on  to  
i m p r o v e  c o n v e r g e n c e  a n d  r e d u c e  m e m o r y  r e q u i r e m e n t .

Omega3P – p o o r  c o n v e r g e n c e  i n  a p p l i c a t i o n s  w h e r e  t h e  m a t r i c e s  
are  i l l - c o n d i t i o n e d  a n d  t h e  e i g e n v a l u e s a r e  n o t  w e l l  s e p a r a t e d .  

Convergence



EM Collaborat ion with Sandia/TSTT

Ø S a n d i a/ T S T T  i s  d e v e l o p i n g  Quality Metrics for Prismatic Elements

w h i c h  w i l l  e n a b l e  t h e  q u a l i t y  o f  p r i m a r y  a n d  d u a l  e l e m e n t s  to  be  

e x a m i n e d  i n  s w e p t  h e x  m e s h e s  a n d  h o w  i t  e f f e c t s  t h e  p e r f o r ma n c e

o f  T a u 3 p .

Tau3P – Parallel 3D Explicit Time-Domain Solver based on Dual,  
Staggered, Unstructured Grid.  Good Mesh Quality is   
essential for Numerical Stability.

Pr imary  Hex  Mesh
Cor respond ing

Dua l  Mesh

M e a s u r e s  p l a n a r i t y  o f  s i d e  f a c e s

M e a s u r e s  c o n v e x i t y  a t  e a c h  v e r t e x

M e a s u r e s  r e g u l a r i t y  o f  e n d  p o l y g o n



EM Collaborat ion with Stanford

Phi3P – Parallel 3D Field -based Hybrid Finite Element Statics Solver
for higher accuracy in f ields &  material boundary description

§ Uses  face  e lement  fo r  B  and edge  e lement  fo r  H

§ Large  sparse  symmetr ic  indef in i te  s t ructured matr ix

§ Exist ing l ibrar ies l ike Aztec fa i l  for  large systems

§ New e f f i c ien t  and  robust  a lgor i thms under  deve lopment

Matr ix  Pattern Matr ix  Pat tern  a f ter  Reorder ing

Sample  Prob lem  
o f  a  C  Magnet



Advanced i l luminat ion and interact ive  methods wi l l  be  used for  

d isplay ing part ic les  and f ie lds  s imultaneously  to  locate  regions of  
interest ,  and mult i -resolut ion techniques wi l l  be deployed to  

overcome per formance bot t lenecks .  

EM Col laborat ion with UCD

Ø U C D  i s  d e v e l o p i n g  Parallel Visualization Tools f o r  hand l i ng  
L a r g e  t i m e-v a r y i n g  d a t a s e t s  o n  u n s t r u c t u r e d  m e s h e s  t h a t  
c o n t a i n  m u l t i p l e  c o m p l e x  v e c t o r s  a n d  p a r t i c l e  m o t i o n

Elect romagnet ic  F ie ldsPart ic les 



S u m m a r y

Accelerators 
-are enablers of great science
-advance technologies that are highly beneficial to the nation’s 
health, wealth, and security

Advanced computing, used in concert with experiment and theory, 
will  enable new discoveries in accelerator science and technology

SciDAC provides an excellent opportunity as well as the resources 
for HENP accelerator scientists and MICS researchers to foster a
close collaboration in developing a terascale simulation capability for 
the accelerator community, the Accelerator Simulation Environment  
(ASE). The collaboration is now well underway.

New tools and capabilities under development for the ASE are 
already having an impact on present accelerators and on the design of 
next-generation facilities.


